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INTRODUCTION
Anaerobic digestion is a method commonly used in the treatment of
municipal waste and is gaining popularity as a treatment of livestock
waste. In the process of anaerobic digestion, the waste undergoes a
change in which the organic material is oxidized — or stabilized
to Its reduced form, methane. This biogas, which also contains carbon
dioxide, can then be utilized as an energy source.
To maintain efficient methane gas production during the digestion
of waste, heat energy must be applied to the influent slurry. Since
the temperature of the slurry inside the digester Is normally maintained
at 35°C (95®C) (Blomass Energy Institute Inc., 1978), the amount of
heat energy required to raise the temperature of the influent slurry to
this level could be substantial. This is especially true in colder
climates. The amount of energy needed for the influent slurry accounts
for 75 to 95 percent of the total heat demand of the digester system
(Coppinger et al., 1979). Some of the heat energy from the digester
effluent could be recovered through the use of a heat exchanger.
An influent to effluent, counterflow type heat exchanger seemed to
best fit into the layout of the digester system at the Iowa State
University Beef Nutrition Farm Csee Figure 1). Also, since the slurry
was to contain heavy solids, such as cracked or even whole kernels of
corn, a flat plate type heat exchanger with mechanical agitation appeared











































































































































































































































































































The objectives of this study were:
H To design and build a mechanically agitated heat exchanger to be
used in an "on the farm scale" anaerobic digester.
Zl To evaluate the performance of the heat exchanger, first using
water and then the waste slurry from 20 head of beef cattle as the flow
media.
3) To determine the most efficient speed of mechanical agitation
which prevents the deposition of solids in the bottom of the heat
exchanger.
LITERATURE REVIEW
Need for Heat Exchanger
Influent heat energy demands
Anaerobic digestion, a common method used in treating municipal waste,
is an alternative method for treating livestock waste as well. In
addition to its main purpose of breaking down waste solids, anaerobic
digestion produces a beneficial byproduct. The treated waste produces a
mixture of 60^ methane gas and ^0^ carbon dioxide gas a combustible
fuel commonly called biogas. Biogas can be collected and used as a source
of energy.
One of the most important environmental conditions which influences
the rate of biogas production is temperature. Although biogas production
Is possible in the 0®C to 60®C C32®F to ^kQ°f) range, the methane formers
are severely I Imlted below 20°C (68®F) and above 55'C Biogas can
be successfully produced in two temperature ranges: they are known as the
mesophillc range (20 to 68 to 113'F) and the thermophilic range
(above above 113°F) (Biogas Energy Institute Inc., 1978). The
temperature most commonly cited for efficient mesophilic digestion is 35*'C
C95®Fl CTchobanoglous, 1979). For cold climates, a large amount of
energy must be supplied to raise the influent slurry temperature to
digester temperature.
Characteristics affecting influent energy demands
In a continuously fed anaerobic digester, it would be reasonable to
assume that the amount of heat required to heat the contents of an
anaerobic digester is directly proportional to the volume of the influent
as well as the difference between the temperature of the digester's
contents and the influent slurry. Hein (1977) concluded that the influent
heat demand could be calculated through the use of the following equation.
Qj (watts) » VjCppgAT
where
V. = volume of influent added per unit of time, m^/s
I
Cp » specific heat of influent, assumed equal to ^178 J/Kg-°C
- density of influent slurry, Kg/m^
at = temperature difference between digester contents and influent, C
Equation 1 was modified to include the hydraulic retention time (HRT). To
accommodate this variation, the equation must be expressed in terms of
influent heat demand per unit volume. The modified equation is
CHein, 1977):
a, - 48.36 lO'^ p AT [2]
v7 ^ hrt ^
I
where
HRT » hydraulic retention time, days
From equation 2 it is apparent that the influent heat demand can be
controlled, to a limited extent, by changing the HRT of the digester.
Even though the HRT can be changed in an effort to reduce the influent
heat demand, such a change is limited by economic and other factors
related to the anaerobic digestion process. Typical hydraulic retention
times range from 10 to 25 days (Tchobanoglous. 1979), with 10 to 15 days
being most widely used. Because of the restrictions placed on the HRT,
the minimum amount of energy necessary for the digester contents is
limited. Because of these limits, some other means for reducing the
quantity of heat Is required.
One way of limiting the Influent heat demand is through the use of
an influent to effluent heat exchanger. Such a heat exchanger would use
the heat from the digester effluent to increase the temperature of the
influent slurry, thus reducing the influent heat demand. However, to
determine If the heat exchanger Is practical, the total efficiency of the
heat exchanger should be considered. The amount of external energy
needed to operate the heat exchanger must be taken Into consideration
when calculating the total efficiency of the heat exchanger. The type
of heat exchanger requiring the least possible amount of external energy,
which is capable of handling the flow media, would be the most desirable.
Selecting a Heat Exchanger
Characteristics to consider
Though there are many types of heat exchangers available, only a few
are suitable for use in an anaerobic digester system. Consideration must
be given to types of flow media. For example, animal waste will cause
plugging In some types of heat exchangers. In the case of an anaerobic
digester, the flow medium is a manure slurry. With livestock waste, the
characteristics will change depending on the rheological behavior
index, n. The rheological index characterizes the fluid behavior
relative to a newtonian fluid. Hashimoto and Chen (.1976) report that
when n - 1, the fluid is described as a newtonian fluid. However, when
n < I, the fluid is classified as a pseudoplastic fluid. The slurry of
livestock waste is pseudoplastic and is characterized as, and will
become more non-newtonian as the floe volume fraction Is Increased
(Hashimoto and Chen, 1976).
It has been determined by ShuI'man et al. (1979) that the rheological
power law equations can be used over the entire range of shear rates
encountered In practice. ShuI'man et al. (1979) report that a change
in shear rate by a factor of 300 at the rheological transfer point
resulted in a change In the local heat transfer coefficients of less than
6^. For an extensive mathematical formulation of the heat transfer rates
characterized by a non-newtonian fluid based on the Grashof number, the
Prandtl number, the Musselt number and the Reynolds number, see Greiner
O9801.
The size and orientation of the heat exchanger to be used in the
digester system also must be considered. When using a rotary regeneration
type heat exchanger for example, it has been determined that the film
thickness across the heat transfer boundary will increase as the radius
of the rotor is increased, due to the heating of the fluid (Teng et al.,
3979).. To counteract the increase in film thickness, the angular velocity
8should be increased and the flowrate through the heat exchanger should be
reduced. Therefore, in order to determine the most efficient type of heat
exchanger design, a proper balance between the fluid properties and the
design orientation must be determined.
Problems such as solids deposition and surface scouring must be
taken into account when designing a heat exchanger for an anaerobic
digester. For sanitary engineering practices, a minimum fluid velocity
of 0,6 meter per second (2 fps) is required in all flowstreams to prevent
the depositing of solids CSteel and McGhee, 1979)* Deposition of solids
from settling will result in plugging. Also, a maximum fluid velocity
is established to prevent scouring of the material surface over which the
fluid passes. The maximum fluid velocity established by sanitary
engineers is 3 m/s (10 fps) (Steel and McGhee, 1979J*
Types of heat exchangers considered
Agitated jacket tank and agitated coil tank Two types of heat
exchangers normally used for batch-operations are the agitated jacket
tank and the agitated coll tank (Grelner, I98O). In both of these heat
exchangers the tank is filled with effluent (or influent) while the
influent Cor effluent! Is circulated In the jacket and coil respectively.
Two major problems are associated with both of these types of heat
exchangers. First, as batch reactors, the heat exchangers' effectiveness
Is limited to 50%, where the effectiveness is the ratio of the amount of
heat actually transferred to the maximum amount of heat which could be
transferred. For this study, effectiveness is defined as thermal
efficiency. Second, both heat exchangers have problems with plugging
due to the settling of the slurry (Greiner, 1980).
Plate type and multipass mixed tank Two other types of heat
exchangers, the plate type and the multipass mixed tank heat exchangers,
are very similar In that the exchange surface between the hot and cold
fluid is a flat surface. When using either of these types of heat
exchangers In an anaerobic digester system as an Influent to effluent
exchanger, a minimum distance of 50 mm (2 In.) must be maintained between
any two surfaces in order to prevent clogging. Agitation must be employed
to keep the solids In suspension. Without agitation, the solids will
settle out, reducing exchanger surface area and eventually causing
plugging. If properly designed, it appears these types of heat exchangers
would be very well suited for an influent to effluent type arrangement
for an anaerobic digester.
Double pipe The double pipe type of heat exchanger, which
consists of one pipe Inside another pipe. Is a low velocity type heat
exchanger when used In an anaerobic digester system. To make this type
of heat exchanger efficient, either a very long pipe or a bundle of pipes
must be used to increase the exchanger surface area. In either case,
the friction losses would be much greater and plugging would result
(Greiner, 1980).
Scraped^surface The scraped-surface type of heat exchanger,
which has been used for many purposes — such as In freezing Ice cream
(Farrall, 1976), could handle a non-newtonian material without plugging
problems because of the scrapers. However, in this type of heat exchanger
10
only one surface is scraped rather than two, and since an Influent to
effluent type arrangement is desired, this could create a plugging problem
In the outer flow channel. Plugging problems could be eliminated by using
two scraped surfaces, however, the energy consumption for this type of
heat exchanger is very high due to all of the friction and fluid turbulent
losses coupled with the losses of the drive unit.
Rotary regenerator Another type of heat exchanger which is
capable of handling difficult fluids is the rotary regenerator. This
type of heat exchanger consists of a rotary disic which continuously
rotates at a low rpm through seals between the hot and cold fluids
(Greiner, I98O). Since the seals clean the rotary disk during the
rotations, bulky material can pass without plugging, allowing some mixing
of the hot and cold fluids. In an anaerobic digester system, mixing of
the two fluids would not cause much of a problem. Because the rotation
of the disk is slow, the power requirements of this type of heat
exchanger would be low. Though this would appear to be a viable type
of influent to effluent heat exchanger for an anaerobic digester, no
reports of research on such a device were found.
Shell and tube Another widely known type of heat exchanger is
the shell and tube. In this type of heat exchanger, one fluid In the
shell must pass across a bundle of tubes while the second fluid must pass
through the tubes. Entrance and exit conditions are very critical
parameters to consider In this type of heat exchanger if uniformity of
flow is to be maintained. This is especially true when the fluid passing
11
through the heat exchanger ?s a manure slurry which could potentially
cause plugging problems.
Reichmuth et al. (1977) developed a shell and tube heat exchanger
which was to be used with a 380 (100,000 gallon) cow manure anaerobic
digester In Monroe, Washington. Preliminary tests, using water as the
flow media, resulted in an efficiency of 80^ at a flowrate of 0.25 1/s
gpml. The efficiency was calculated using the equation (Reichmuth
et al.. 1977):
Efficiency of heat exchanger, %== ^
where
2
A » area of exchange surface, m
2
H= heat exchange rate through Che exchange surface, w/m -®C
F ® fluid fl<w rate, Kg/s (becomes dlmenslonless at steady state)
Reichmuth et al. (1977) made three assumptions when using equation 3:
11 steady state operation, 2) a uniform gradient existing along the heat
exchanger paths and 3) a constant temperature difference between the hot
and cold fluids along the heat exchanger path was maintained. The heat
2
exchange rate that was measured for the cow manure slurry was 7^ w/m - C
(.13 BTU/ft^-hr-°Fl under static conditions and 160 w/m -°C
C28 BTU/ft^-hr-®F) for highly agitated conditions.
Coppinger et al. C1979) used the vertical shell and tube heat
exchanger Cdeveloped by Reichmuth et al.) In a full scale anaerobic
digester system in Monroe, Washington. This heat exchanger was designed
12
#
to recover 5B% of the heat from the effluent slurry and transfer that
heat to the Influent slurry. Tests on the heat exchanger using a 5^
slurry began In February, 1978. Intermittent loading resulted in the
severe clogging of the tubes. Upon opening the heat exchanger, extensive
corrosion of the aluminum tubes was discovered. Despite the fact that
the aluminum tubes were replaced by thin-wall PVC pipes, thus eliminating
the corrosion problem, the problem with plugging remained. Copplnger
et al. 0979). concluded "The Influent/effluent shell and tube heat
exchanger failed to recover effluent heat as expected • . - The prospects
for a successful shell and tube Influent/effluent heat exchanger design
are not good, and other methods of effluent heat recovery are probably
more promising."
Counterflow multipass mixed tank Another heat exchanger, referred
to as a counterflow multipass mixed tank exchanger, was designed and built
by Greiner CI98O). This heat exchanger was a flat plate type designed
as an influent to effluent arrangement for digester slurry. Since it was
a gravity flow type heat exchanger. It was necessary to provide air
agitation for the purpose of keeping the solids in suspension. For an
"on the farm" heat exchanger, the agitation would have been provided by
the gases produced fay the digester.
Preliminary tests made on this heat exchanger using water as the flow
media resulted in the development of many design curves for a multipass
exchanger. Manure slurry performance was never attained for this heat




The heat exchanger body
The heat exchanger is basically designed as three individual tanks
C76 mm, 3 in. wide) constructed side by side (see Figures 2 and 3). The
bottom and ends of each tank is made of 19 twi (3/^ plexiglass.
Plexiglass was used because it is a readily available material which is
easy to machine. The side wall of the tanks are made of 0.91 mby 1.22 m
(3 ft by 4 ft) sheets of 20 gauge stainless steel. Sheets of plywood
13 mm ik in.} thick on the outside of the two outer stainless steel sheets
serve as supports to prevent the steel from def1ecting due to the
pressure created by the flow media. Stainless steel was used for the
walls because of its resistance to corrosion. Metal was used for the
walls between tanks to enhance the thermal-conductivity. All areas where
the stainless steel connected with the plexiglass were sealed with a
sillcone caulk to prevent leaking.
The influent and effluent enter and exit the tanks through one of
the three 38 mm (U in.) outside diameter CO.D.) port holes located at
each end of the tanks. The portholes, which are spaced at 0.3 m (1 ft)
on center vertically, have PVC tubes which are adapted in such a way that
any of the holes can be capped off. This allows for variability in the
entrance and exit levels of the flow media. Cold influent from the barn























































































































































































































































































































































































































































effluent flow counter-current through the center channel.
The two sides of the three-tank heat exchanger are surrounded by
102 mm CA In.) polystyrene insulation with 25 fnm (1 in.) insulation
around the bottom and ends to prevent heat loss.
The heat exchanger was put on casters to make it mobile.
Mechanical agitating unit
The mechanical agitating unit is made of 38 mm CH in.) angle iron
constructed in the form of an "t." Seven of these I-frames are attached
to two 19 mm (3/h in.) steel rods supported by self-aligning bearings at
each end of the heat exchanger. Each bearing has a nylon insert to
reduce the friction due to corrosion buildup caused by the wet
environment. Attached to the I-frames and extending into each channel
within 13 mm Ci in.l ^rom the bottom, are 38 mm (H in.) inside diameter
Ct.D.l PVC pipes, Theoscillating motion of the agitating unit is to
provide enough agitation to keep the solids in suspension.
The drive unit consists of a 560 w OA Hp) variable-speed motor
and a 26 to 1 right angle gear reducer. The agitator speed
Is further reduced by a 2 to 1 ratio through the use of a 152 mm (6 in.)
pulley on the gear reducer driven by a 76 mm (3 in.) pulley on the motor
This provides for a total speed reduction of 52 to 1.
Control of Test Variables
Water test flow control
The flowrates through the heat exchanger match those
produced by the quantity of waste from 60 head of cattle and dilution
17
water required to operate the digester. The flow of water through the
heat exchanger was control led by a constant head flow through an orifice,
(see Figure 4). The size of the orifices was determined based on the
known flowrates and the equation (Vennard, 196l):
a ^
where
Q « flowrate, L/s
C B orifice coefficient
2
A » area, m
2
g « acceleration of gravity, m/s
h » head, m
For sharp-edged orifices, the nominal Cvalue is 0.61 (Vennard, 1961).
All orifices were calibrated by measuring the volume of the flow
over a specified period of time. Each orifice was found to have a
maximum flow variation from experiment to experiment of 2%. This maximum
flow variation was determined by periodically calibrating the flow during
the testing period.
Temperature monitoring system
Standard quality ANSI type T copper/constantan thermocouples are
used to measure the temperature of the flow media. A thermocouple is
positioned at each inlet and outlet of all three tanks as well as on
selected agitating tubes (see Figure 5)• The thermocouples on the
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heat exchanger to measure the bulk temperature of the fluid. The
thermocouples located at the Inlet and outlet were placed In the flow
line. In order to allow the fluid to flow through the heat exchanger
uninterrupted and to prevent leaking around the thermocouples in the flow
line, each thermocouple was soldered inside a 6 mm (1/^ in.) copper tube
prior to inserting it Into a compression fitting.
In all, 30 thermocouples were used to measure the temperature of
the fluid. With the large number of thermocouples, acquiring data
manually would be tedious. To make the collection of data easier and
more efficient, a microprocessor data acquisition system with interfacing
between the trendicator and the microprocessor was used (Korslund, I98O).
Equipment used for manure siurry test
For the tests run at the digester site, the same heat exchanger,
drive unit and temperature monitoring system were used. The influent
slurry was pumped, using a positive displacement pump, from a short term
storage pit to a T-sectlon of piping so the flow could be split between
the two outer tanks of the exchanger (see Figure 6). The "T" was
carefully placed and balanced so the flow would be evenly split between
the tanks.
Two temporary storage tanks also were added to the system so the
flow from the heat exchanger could exit into them. Influent flowed from
the heat exchanger to the short term influent storage tank before being
pumped Into the digester. Effluent was stored In a similar short term
storage tank before being pumped Into a slurrystore for long term storage.
21
Figure 6. Overall view of lieat exchanger while in




OperatIon for water tests
Because a large volume of water was needed for each test, the heated
water was recycled, thus reducing the amount of energy needed to reheat
the water. After the heated water flowed through the center tank of the
heat exchanger. It overflowed into a storage tank. The water was then
pumped through a ^50 L 0^9 gal) hot water heater, to the constant
head tanks and back through the heat exchanger (see Figure 7).
In order to maintain the hot water at a temperature relative to the
temperature of the effluent from an anaerobic digester, a temperature
controller, constructed by R. J. Smith, was connected to the hot water
heater. The temperature of the water was kept at a constant temperature
of approximately 35**C (SS'F}.
Water flowrates of approximately 1.6, 8.2 and I6.^ x 10 ^ L/s
C.25, 0.7, 1.3 and 2.6 gpm) were selected for the tests. These flowrates
were selected to simulate the range of operation conditions of the
digester based on a continuous flow of slurry from 60 head of beef
cattle. A continuous flow at any of these flowrates would allow the
digester to operate efficiently on a continuous basis.
Agitation rates also were selected based on efficient operation of
the heat exchanger. In order to make the heat exchanger as efficient as
possible, the agitation rate must be reduced to the least power
23
Figure 7. Overall view of heat exchanger during the water tests
2k
consuming rate which will still maintain adequate agitation to prevent
solids deposition. Agitation rates were chosen based on the sanitary
engineers' minimum scouring velocity of 0.3 m/s (2 fps). With the 152 mm
C6 in.) drive wheel, it was determined that approximately 76 RPM was
needed to achieve the 0.3 m/s scouring velocity. In order to minimize
the power requirements of the drive unit, and because of physical
limitations of the heat exchanger, slower agitation rates were selected.
The agitation rates of 5, 10 and 25 cycles per minute were selected.
Each agitation rate was carefully calibrated by using a stop watch to
determine the number of revolutions the agitation drive wheel made over
a period of time. The motor speed was adjusted correspondingly to obtain
the agitation rate.
After carefully adjusting the agitation rate to the proper setting
and setting the flowrate through the constant head tank to a minimum,
the microprocessor for data collection was initialized.
Unlike the temperature of the influent and effluent on the farm
which fluctuate due to changes In air temperature and ground water
temperature, the variation of the temperatures for the water tests is
minimal because of the control on the hot water heater and the fairly
constant temperature of the cold water supply. Because of this minimal
amount of variation in the water temperature, the heat exchanger's
effectiveness for the water test Is measured at steady state conditions.
To determine when steady state conditions are attained, the computer
Is programmed to take spot temperature readings once a minute for ten
25
minutes at selected points throughout the heat exchanger. After taking
two sets of spot readings, the computer averages the temperature values
obtained in the first set and compares the averages to those of the
second set. If the difference between the averages is greater than 0.1®C,
the computer enters into a set waiting period before obtaining another
set of spot readings. If the difference between the averages of two
successive sets of readings Is equal to or less than 0.1 C, then the
temperature of the water Is considered to have reached steady state
conditions. Once steady state conditions are reached, the computer
collects 15 minutes of data at the rate of one set of temperature readings
per minute.
The use of the value of 0.1®C in determining steady state conditions
was based on the accuracy of the thermocouple equipment. The Omega
brand trendicator and thermocouple wire used was accurate to 0.1on
repeated tests under identical conditions. Since the temperature values
are only accurate to 0.1®C, it seemed appropriate to use no less than
the minimal degree of accuracy as the critical value in the tests
determining steady state conditions.
Manure Slurry Test
Operation for manure siurry test
The flowrate used for the test performed at the digester site was
limited to 0.10 L/s (1.6 gpm) because of the hydraulic system already
present. To measure this flowrate, a gate valve was positioned In the
26
pipeline to allow for the measurement of the flow. This gate valve also
served as a way to obtain a sample of the influent solids concentration.
The flowrate was determined by opening the valve wide open and timing
the flow into a known volume.
Once the system was in operation, the temperature tnonitoring system
was started. Temperatures were collected once every five minutes for
seven hours at an agitation rate of 30 cycles per minute. The agitation
rate was changed from those used In the water analysis because of the
nature of the slurry. The slurry appeared to be highly settleable due
to the feed ration of the cattle, therefore requiring more agitation to
maintain suspendable solids in the heat exchanger.
To determine whether the slurry solids were settling to the bottom
of the heat exchanger or flowing through It, samples of the total solids
were taken at the Influent Inlet and outlets of the heat exchanger.
Samples were not taken of the digester effluent since the influent
slurry would have the higher solids content. The samples were taken at
random during the period of the test.
27
RESULTS AND DISCUSSION
Analysis of Water Tests
Water was used in the initial tests to determine the heat exchanger's
thermal efficiency for two basic reasons; 1) the specific heat of water
Is the same as that assumed for a manure slurry, and 2) water Is more
easily controlled than a manure slurry. An analysis developed by Greiner
C198O) was used to determine the efficiency of the heat exchanger.
Evaluation of equipment to determine effectiveness
The effectiveness (thermal efficiency) of the heat exchanger was
defined as:




» heat transfer rate, watts
q s maximum heat transfer rate, watts
max
The heat transfer rate, q, can be determined by using either the hot or
cold stream flow. For the hot stream, q can be evaluated through the use
of equation 6.
^h ^ ^h^"'"h, in ''"h, out^ [6]
where
q^^ = heat transfer rate of the hot stream, watts
= hot fluid capacity rate equal to mC
ph
28
m mass flowrate of the hot fluid, kg/s
C . » specific heat at constant pressure of hot fluid, J/l<g-'C
ph
T . « temperature of hot fluid entering heat exchanger,
h, In
T, • temperature of hot fluid leaving heat exchanger, C
h, out
Similarly, for the cold stream:
^c ~ ^c^^c, out ^c, In^
where
q " heat transfer rate of the cold stream, watts
c
C » cold fluid capacity rate equal to itiC
c ^ pc
m mass flow rate of the cold fluid, kg/s
[7]
C • specific heat at constant pressure of cold fluid, J/kg-®C
pc
T • temperature of cold fluid leaving heat exchanger, ®C
c, out
T . temperature of cold fluid entering heat exchanger,
c, in ^
To determine the maximum heat transfer rate, equation 8 must be
nlaX
used.
q - C . (T. . - T . ) t8]
^max min^h, in c, in'
where
C . » the smaller of and C. , w/®C
mm c n
T. , » temperature of hot fluid entering heat exchanger,
n, in
T . a temperature of cold fluid entering heat exchanger, ®C
Of in
Since there were two cold stream Inlets, T , was calculated by taking
QI in
the average of the two Inlet temperatures.
Table 1 summarizes the effectiveness at the selected agitation rates











































































































































































































































































































































































































































effectiveness versus the flowrate as a function of the different agitation
rates is shown in Figure 8. The scattered data points at an agitation
rate of zero show the different flowrates have no significant bearing
on the heat exchanger's effectiveness for this agitation rate. Yet at
agitation rates greater than zero, there is a definite relationship
between effectiveness and flowrates with effectiveness increasing as the
flowrate decreases. Greater effectiveness also is obtained as the
agitation rate is increased to 25 cycles per minute. However, for all
agitation rates, as the flowrate increases, there is a tendency for the
effectiveness curve to approach an effectiveness of approximately 0.40.
Based on Figure 17 of Greiner (I98O), it appears that when the ratio of
C , to C is equal to one, the heat exchanger proceeds to act as a
min max ^
one pass tank rather than as a seven pass tank (i.e. seven tanks In
series). According to Greiner (1980), an effectiveness of 0.45 is the
maximum that can be attained with a one pass tank. This trend can be
seen at the higher flowrates. The detention time, which Is drastically
reduced, Is not sufficient to allow the exchanger to function
effectively.
Evaluation of equipment to determine U and
Two additional factors were examined when evaluating the performance
of the heat exchanger. These factors are the overall thermal conductance,
U, and the number of transfer units, The number of transfer units,
, is a dimensionless number used in determining the effectiveness of
tu ^















0 = 0 CYCLES/MIIN
A = 5 CYCLES/MIIN
0 - 10 CYCLES/MIIN





FLOWRATE, (i. L/s x 10
Figure 8. Effectiveness versus flowrate at various agitation rates
15.8
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in each tanlt. Greiner (1980) developed a number of theoretical design
curves to use as a guide when designing an influent to effluent counter-
flow heat exchanger. These design curves were based on effectiveness
versus Since these curves were theoretical, It seemed appropriate
to develop similar curves based on actual field data.




N^u • number of transfer units
2
A " area of exchanger surface, m
2
U " overall thermal conductance, w/m -®C
C , « the smaller of C and C. , w/®C
min c h'
For a multipass mixed tank counterflow heat exchanger, the general






M « ratio of C . to C
mm max
2
A » heat transfer area, m
C_ • the larger of C. and C
max n c
33
C , » the smaller of C. and
min n c
e • effectiveness
n = number of passes
Since the flowrates of the hot and cold fluids are equal, M equals one.
Therefore, equation 10 can be revised to give (Greiner, I98O):
-C . en
U- ,1 J- [11]
ACe + en - n)
When calculating the overall thermal conductance for a mechanically
agitated heat exchanger, the value for n Is unknown. When designing this
heat exchanger, a value of n » 7 was assumed* since seven agitating
tubes were used. Using a series of dimenslonless numbers based on
Greiner Cl980), the analysis shows that at all agitation rates, the heat
exchanger does indeed act as a seven pass tank. See Appendix C for a
complete analysis.
The values for U and at the selected agitation rates and
flowrates are summarized In Table 1. In each case, as either the flowrate
or the agitation rate was Increased, the overall thermal conductance
Increased. This appears to be logical since the overall process that Is
taking place Is forced convection, and that force Is Increased with an
increase in either flowrate or agitation rate.
Figure 9 show a plot of effectiveness versus the number of transfer
units, for the data presented in Table 1. Greiner's CI98O)
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0 THEORETICAL DATA
2 3
NUMBER OF TRANSFER UNITS,
tu
Figure 9. Effectiveness versus number of transfer units for water
tests, with location of theoretical data points
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Often omitted from the performance data of a heat exchanger is the
overall efficiency, E. Depending on where the boundary for energy
consumption by the heat exchanger is drawn, Emay vary considerably.
Since this heat exchanger is mechanically agitated, power is required for
the operation of the system. Also, as can be seen in Figure 1, a third
pump had to be added to the complete system in order to use the heat
exchanger. In this case, the overall efficiency of this type of heat
exchanger must be calculated by using the following equation:
. _ power required ^ recovery of electric




Table 2 shows how much external power was required at the agitation
rates of 5, 10 and 25 cycles per minute. The overall efficiency
presented in Table 1 was calculated using equation 12 and the data from
Table 2. Since It was felt that the third pump could have been
eliminated through proper design, the energy required by this pump was
not included in the overall efficiency. The overall efficiency presented
in Table 1 Includes only the power required by the agitation system.








Figure 10 shows a plot of the flowrate versus the overall efficiency.
As the agitation rate is increased, the overall efficiency also increases,
indicating that the heat transfer characteristics are enhanced by greater
turbulence of the flow media. However, as the flowrate was increased,
the overall efficiency decreased except at an agitation rate of 0 cycles
per minute, where an increase was observed. This trend indicates that
at the higher flowrates, the exchanger acted as a one-pass tank. As a
one-pass tank, the theoretical maximum overall efficiency obtainable is
50%, less the input power for agitation, which is shown in Figure 10.
Only one test was performed at the agitation rate of kO cycles per
minute. At this rate, the motion of the agitating unit was so vigorous
that it caused the water to splash over the ends of the tanks. Amajor
overhaul of the heat exchanger was also required following the test.
Because of the problems, it was felt that further tests at this rate
could not be justified.
Temperature strati flcation of fluid
In observing the actual field data presented In Appendix A, it was
noted that once the fluid had entered the heat exchanger, it was
completely mixed. For an example of this, see Table A-2. Thermocouple
number 7 (note Figure 5) is located in the inlet of the cold fluid, and
number 6 is just inside the tank. By the time the fluid has reached
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-2
2.6 15.8
Figure 10. Flowrate versus overall efficiency at various agitation
rates
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considerably, and then Increases only slightly as it travels through the
heat exchanger. A similar trend is noted for the hot fluid. A
comparison of the temperature reading at thermocouple number 8 to the
reading at number 9 reveals a rapid drop in the temperature of the hot
fluid, which is followed by a slight decrease in temperature as the fluid
continues on through the heat exchanger.
The stratification of temperature from the top of the exchanger tank
to the bottom can be observed in Tables A-1 and A-2. When no agitation
was provided (see Table A-1), a difference In fluid temperature from
the bottom of the tank at thermocouple number 22 to thermocouple number
25 at the top of the tank Is noted. In Table A-2, the temperature
difference between the same two thermocouples is practically zero, thus
the fluid In the tank is completely mixed.
Heat loss through exchanger's wal1s
Even though insulation wasplacedall around the heat exchanger's
walls. It Is safe to assume that some heat was lost to the environment.
How much heat was lost must be determined. To do this, all three tanks
were filled with hot water and temperatures were recorded every five
minutes for a period of ten hours. From this data, an average temperature
over a period of time could be used to determine the heat transfer rate
between the tanks as well as the heat transfer rate between the two
outside tanks and the air surrounding the heat exchanger. The heat
transfer rate Is calculated using equation 13.
39
a =» mC AT
P
where
Q - heat transfer rate, watts
m = mass of fluid, kg
Cp • specific heat of fluid, J/kg-°C
at »• temperature difference over time, C/sec





U » overall thermal conductance, w/m -®C
2
A « surface area of exchanger plate, m
at = temperature difference, ®C
Solving equation lk for U gives:
" aat
The heat transfer rate for both outside walls and the heat transfer
plates of the exchanger must first be calculated using equation 13 and
the temperature drop over a specified period of time. Next, the overall
thermal conductance is calculated for each wall through the use of
equation 15. The values of Ufor the outside walls ranged from 0.06?
w/m^-®C to 0.083 w/m^-®C with an average value of 0.07 w/m -®C. The
2
average value of Uacross the heat transfer plates was 0.78 w/m - C.
The ratio of the U value of the outside walls to the U value of the heat
^0
transfer plates was calculated to be 0.09. Since this ratio was so
small, it was concluded that the heat lost through the outside walls
of the heat exchanger were negligible to that transferred across the
transfer plates.
Reduced agi tation tests
This phase of experiments was performed on the heat exchanger in
order to determine whether or not a reduction in agitation would affect
the effectiveness. Three rows of agitating tubes (row B, D, and F - see
Figure k) were removed, leaving only four agitating tubes per tanlc.
The distance of oscilatlon was maintained at 152 mm (6 in.) for these
tests. Thermocouples 22 through 2k and 25 through 27 were removed and
placed on rows labeled B and F respectively. The removed tubes were
then placed around the heat exchanger to measure air temperatures. This
was done to determine the effects of the sun which was shining on only
parts of the exchanger. Thermocouple number 28 was placed In the hot
water line because some trouble had occurred with the hot water heater's
temperature controller and this was an appropriate way to monitor any
temperature changes which may have occurred In the hot water supply.
Rows of tubes B, D and F were then returned to their original
locations. Thermocouples 22 through 2k and 25 through 27 were placed
432 mm 07 In.), from the bottom of the heat exchanger on tubes labeled
B and F, respectively. With all tubes back In their original locations,
the tests which had been performed with only four agitating tubes, were
Al
repeated. The actual data for these 12 tests are In Appendix B and a
summary of results is shown In Table 3*
In all cases, a reduction in the number of agitation tubes resulted
in a reduction in effectiveness. When four agitating tubes were used,
only 50^ of the exchanger surface area was affected, whereas almost 100^
was affected when seven agitating tubes were used. This would probably
account for the reduced effectiveness. Also, It should be noted that
the effectiveness of the seven tubes shown In Table 3 is very close to
the effectiveness of identical tests using seven tubes presented in
Table 1. This suggests very good repeatability between tests.
Also, as can be seen in Table 3» the overall thermal conductance,
U, and the number of transfer units, increased when seven, rather
than four, agitating tubes were used. It should be noted that when
four agitating tubes were used, the exchanger did indeed act as only
a four pass tank. See analysis presented in Appendix C.
Analysis of Manure Slurry Test
Evaluation of exchange using manure slurry
The test at the farm on the manure slurry of 20 head of beef cattle
was performed at an agitation rate of 30 cycles per minute. Temperature
readings were collected every five minutes for seven hours during this
testing period. Power input measurement, flowrates and influent total
solids entering and leaving the heat exchanger were taken at random.
Because of the large volume of temperature readings, only a summary of


























































































































































































































































































































































Table k summarfzes the temperature readings collected during the
test at the farm site, as well as the calculated effectiveness for each
time period. The cold temperature In and out represents the average of
the two cold channels.
The flowrate used In calculating the effectiveness was based on the
average of five measurements taken at random during the test. The rate
of flow for each of these random measurements was determined by timing
the flow into a known volume. Flowrates varied from 9-5 to 11.^ x 10 ^ L/s
(1.5 to 1.8 gpm). The fluctuation in flowrates could have been due to
the fact that an increased amount of solids being pumped <:lowed the
fl^rate. Variations in the amount of solids that were being pumped
during the test are shown In Table 5. This wide variation In total
solids was due to plugging problems experienced with the loading pump
used.
Power requirements fluctuated quite radically throughout the testing
period. Table 6 shows the variation of power required for agitation
at the times Indicated. The least amount of power required by the
agitating unit was at ]2:00 pm when the test was started.
The results presented in Table 5 indicate that much of the solids
remained In the heat exchanger. A settleabi1Ity test performed on the
solids entering the exchanger found a settleable matter of 599 gm/L of
settled solutes (American Public Health Association, 1976). See Figure 11.
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Figure 11. Settleable matter test of the influent slurry
hi
cattle. When the test was conducted, the cattle's feed consisted of
ground corn cobs, cracked shell corn with some whole kernels, and a
feed supplement.
Table 6. Power requirements for the agitating system at 30 cycles per









After about five and one-half hours of testing, signs of solids
buildup in the heat exchanger became apparent. Movement of the
agitation unit at the bottom of the exchanger was restricted. After
about seven hours of testing, the system was shut down because the
solids had built up so much in the exchanger that the agitating unit
began to break up. See Figure 12. Apparently, an agitation rate of 30
cycles per minute was not sufficient to keep the solids in suspension.
Since the agitation rate of ^0 cycles per minute was beyond the physical










































rates did not seem practical. The average overall efficiency calculated




As anaerobic digestion becomes a viable method of treating livestock
waste, the process must be developed In such a way that the energy
required for operation Is minimal. Since the waste slurry entering the
digester must be heated to a temperature of 35'C CSS'F), a method which
recovers some of this heat Is Imperative to the development of an
efficient waste handling system. In an effort to recover the heat from
the digester effluent, an influent to effluent, counterflow mechanically
agitated heat exchanger was developed.
Tests on the heat exchanger using water as the flow media produced
an effectiveness or thermal efficiency relatively close to the theoretical
predictions developed by Grelner Cl980). Since mechanical agitation was
provided to keep the slurry solids In suspension, the power required for
this agitation should be taken Into account when determining the overall
efficiency of the heat exchanger. It was determined that better effi
ciencies could be attained at the higher agitation rates, up to 25 cycles
per minute, and the lower flowrates.
A theoretical analysis of the agitating unit was employed to
determine If the heat exchanger would act as a one pass (tank) unit or
a seven pass unit (seven tanks in series). The analysis confirmed the
hypothesis that the agitation system did Indeed make the heat exchanger
act as a seven pass unit.
A second set of tests on the heat exchanger was performed to
51
determine whether or not a reduction in the number of agitating tubes
would affect the heat exchanger's effectiveness. A comparison was made
between tests using four agitating tubes, and Identical tests using
30Yen agitating tubes. In all cases, a reduction In the number of
agitating tubes resulted in a lower effectiveness. Also, when only four
agitating tubes were us^d, the area of the exchange surface affected by
agitation was slightly less than 50^, whereas with seven tubes, the area
affected was almost 300^.
Final tests on the heat exchanger were performed under actual
conditions on a farm scale digester system. The heat exchanger's
effectiveness under these conditions proved to be extremely close to the
effectiveness obtained when water was the flow media. The only problem
encountered during this test was solids settling. After about seven hours
of testing, the agitating unit failed due to a buildup of solids settling
on the bottom of tKe heat exchanger.
52
RECOMMENDATIONS FOR FURTHER STUDIES
The experience gained from this research was helpful in detecting
the problems associated with small scale heat exchangers. The main
problem encountered by the heat exchanger design presented was solids
deposition. Another major problem was the large amount of power required
to prevent this deposition of solids.
W?th these problems In mind, recommendations for further studies
follow.
Ij Use the same basrc design as the heat exchanger presented, but
modify the method of agitation from mechanical to air (or digester gas)
agitation.
2) Design a digester system which separates the heavy solids from
the Influent slurry and passes only the liquids through a pressurized
heat exchanger. The solids could then be fed into the digester tank
through the use of an auger or similar method. With this type of design,
only two pumps would be needed. One pump would be needed to pump the
Influent liquids through the heat exchanger, directly Into the digester.
The second pump would be used to pump the digester effluent to a long
term storage tank. With the use of this method, the need for agitation
would be virtually eliminated.
3i Design a system In which the wet well or short term storage for
the Influent slurry is located Inside the pump house. The solids plus
dilution water could be either augered or pumped Into the digester, and
53
the digester effluent could be pumped through a coll inside the wet well
before being pumped to the long term storage tank.
54
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APPENDIX A:
SUMMARY OF DATA FOR THE WATER TESTS
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THEORETICAL ANALYSIS FOR DETERMINING
THE NUMBER OF PASSES, n
Dlmenslonless Analysis
Since the value for n is an unknown when calculating the overall
thermal conductance, U, an analysis based on three dimensionless numbers
is presented here so an assumption can be made of this value with
confidence. The three dlmenslonless numbers used are: the Grashof number,
the Prandtl number and the Nusselt number.
The Grashof number, Gr, is a measure of the vi^or of the flow






g « acceleration of gravity, m/s
L • characteristic length, m
6 » coefficient of thermal expansion, 1/K
AT »» temperature difference, K
2
V = kinematic viscosity, m /s
The Prandtl number, Pr, relates the temperature dis








C « specific heat at constant pressure, J/kg-®(
P
w » viscosity, kg/m-s
K » thermal conductivity, w/m-'C
The Nusselt number, N^, is the ratio of the temperature gradient in the
fluid immediately in contact with the exchanger surface to a reference




h • convective heat transfer coefficient, w/m -
L » characteristic length, m
K « thermal conductivity, w/m-®C
The relationship between the three dimensionless numbers Is based
on the free convection process of heat transfer. For laminar flow
(Greiner, 1980):
N » ACGrPr)°'^ ^
where
Gr « the Grashof number
Pr « the Prandtl number
Pr
* " L2.'t3't78 + A.atjAlt'r + A.gsasspr.
For turbulent flow, the relationship between the three dimensionless
numbers is CGreiner, I98O):
N, = 0.02I0(GrPr) '^'^ [5]
[4]
90
Knowing whether the flow through the heat exchanger Is laminar or
turbulent is a prerequisite to knowing whether equation or 5 should be
used In the analysis. If the product of the Grashof number and the
Prandtl number is greater than 10^, the flow is considered to be
turbulent (Krelth, 1973). After determining whether the flow is laminar
or turbulent and calculating the Nusselt number from equation ^ or 5»
respectively, the convectlve heat transfer coefficient, h, can be
^gtermined using equation 3« The convective heat transfer coefficient
should be determined for both the hot and cold side of the heat transfer




h. = convective heat transfer coefficient on hot side of plate
n
h » convective heat transfer coefficient on coUd side of plate
c
I
a " transfer plate thickness I
K- thermal conductance of the plate '
A comparison was made between the overall thermal conductance, U,
calculated by the above analysis and U calculated based on the analysis
by Greiner Cl980), where the value of n was assumed to equal seven. It
was concluded that, if under identical conditions, the U based on the
presented dimensionless analysis was lower than the U based on Greiner's
C198O) analysis, then the assumed value of seven for n was correct.
